The cAMP-dependent protein kinase A (PKA) plays a ubiquitous role in the regulation of neuronal activity, but the dynamics of its activation have been difficult to investigate. We used the genetically encoded fluorescent probe AKAR2 to record PKA activation in the cytosol and the nucleus of neurons in mouse brain slice preparations, whereas the potassium current underlying the slow afterhyperpolarization potential (sAHP) in thalamic intralaminar neurons was used to monitor PKA activation at the membrane. Adenylyl cyclase was stimulated either directly using forskolin or via activation of 5-HT 7 receptors. Both stimulations produced a maximal effect on sAHP, whereas in the cytosol, the amplitude of the 5-HT 7 receptor-mediated response was half of that after direct adenylyl cyclase stimulation with forskolin. 5-HT 7 -mediated PKA responses were obtained in 30 s at the membrane, in 2.5 min in the cytosol, and in 13 min in the nucleus. Our results show in morphologically intact mammalian neurons the potential physiological relevance of PKA signal integration at the subcellular level: neuromodulators produce fast and powerful effects on membrane excitability, consistent with a highly efficient functional coupling between adenylyl cyclases, PKA, and target channels. Phosphorylation in the cytosol is slower and of graded amplitude, showing a differential integration of the PKA signal between the membrane and the cytosol. The nucleus integrates these cytosolic signals over periods of tens of minutes, consistent with passive diffusion of the free catalytic subunit of PKA into the nucleus, eventually resulting in a graded modulation of gene expression.
Introduction
The importance of cAMP-dependent protein kinase A (PKA) has long been known in neurobiology, and the subcellular location of the kinase activity has important physiological significance: for example, PKA at the membrane will phosphorylate membrane channels and thus affect neuronal excitability, whereas in the cytosol, it will affect proteins of the cytoskeleton and metabolic enzymes. The translocation of the catalytic subunit of PKA into the nucleus results in the phosphorylation of nuclear factors, such as CREB (cAMP response element-binding protein), which regulate gene expression. A functional compartmentation of the cAMP/PKA signal has been demonstrated in cardiomyocytes (Steinberg and Brunton, 2001) , and biochemical and functional data indicate that neurons also possess spatially restricted "signaling microdomains" (Carnegie and Scott, 2003) . However, to date, the dynamics of PKA activity in different subcellular compartments and the effects of different extracellular signals on signaling pathway spatial and temporal dynamics have not been studied in live vertebrate neurons in a preparation preserving the anatomical organization of the tissue.
Several recently developed genetically encoded fluorescent probes use a tandem of green fluorescent protein-derived fluorophores, cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP), sandwiching a domain with which conformational change is monitored by a modulation of fluorescence resonance energy transfer (FRET) efficacy (Zhang et al., 2002; Miyawaki, 2003; Sato and Umezawa, 2004) . Among these, AKAR2 uses a phosphothreonine binding domain derived from yeast [forkhead associated domain 1 (FHA1)] and an optimized PKA substrate domain (Zhang et al., 2005) . When phosphorylated by PKA, the substrate domain folds into the binding pocket of FHA domain, increasing FRET between CFP and YFP. This reporter is a substrate for the endogenous PKA and therefore reports intracellular activities of PKA. This probe allowed us to monitor in real time PKA activation in neurons in brain slice preparations, either in the cytosol or in the nuclear compartment.
One well established PKA effect on neuronal excitability is the modulation of the slow afterhyperpolarization potential (sAHP). The sAHP is mediated by a calcium-dependent potassium current activated after a train of action potentials: it hyperpolarizes the neuron for ϳ5 s, preventing tonic firing (Lancaster and Adams, 1986; Nicoll, 1988; Sah, 1996) . The sAHP is suppressed in response to several neuromodulators, resulting in a suppression of rythmic bursting ability, a process primarily controlled by PKA phosphorylation (Pedarzani and Storm, 1993) and counterbalanced by phosphatases (Pedarzani et al., 1998; Vogalis et al., 2006) . A large sAHP is present in intralaminar thalamic neurons where it is under the strong negative control of serotonin 5-HT 7 receptors coupled to the cAMP/PKA signaling cascade (Goaillard and Vincent, 2002) and thus provides a direct signal for monitoring PKA activity at the membrane. By combining electrophysiology with imaging, we monitored PKA activity at the membrane, in the cytosol, and in the nucleus of neurons in brain slices. We observed that each of these compartments integrates the PKA signal with a specific efficacy and time course.
Materials and Methods
Subcloning and virus production. We used the Sindbis virus as a vector (Bredenbeek et al., 1993; Ehrengruber et al., 1999; Shi et al., 1999) . The coding sequences of AKAR2, AKAR2 Thr 391 to Ala mutant (AKAR2mut), and AKAR2-NLS were subcloned into the viral vector pSinRep5 (Invitrogen, San Diego, CA). These constructs and the helper plasmid pDH26S (Invitrogen) were transcripted in vitro using the Megascript SP6 kit (Ambion, Austin, TX). Baby hamster kidney cells were electroporated with one specific RNA and the helper RNA (2.10 7 cells, 950 F, 230 V) and grown for 24 h at 37°C in 5%CO 2 in DMEM supplemented with 5% fetal calf serum before collecting cell supernatant containing the viruses (titer: 10 6 -10 8 ml, i.p.). Brain slices and infection. We used 12-to 16-d-old C57BL/6 mice (Janvier, Le Genest Saint Isle, France). Coronal brain slices (220 m thickness) were prepared in ice-cold solution (Meuth et al., 2002) containing 210 mM sucrose, 20 mM PIPES, 2.4 mM KCl, 10 mM MgCl 2 , 0.5 mM CaCl 2 , 10 mM glucose, and 45 M indomethacin (Pakhotin et al., 1997) , pH 7.3, using an HM650V Vibratome (Microm, Walldorf, Germany). Slices were kept at 32°C for 1 h in (in mM) 125 NaCl, 0.4 CaCl 2 , 1 MgCl 2 , 1.25 NaH 2 PO 4 , 26 NaHCO 3 , and 25 glucose, in 5%CO 2 /95%O 2 , and transferred for 1 h to a similar solution at room temperature in which the calcium was raised to 2 mM (standard extracellular solution). Brain slices were placed onto a millicell-CM membrane (Millipore, Bedford, MA) with a culture medium (50% minimum essential medium, 50% HBSS, 6.5 g/L glucose, and 100 U/ml penicillin/100 g/ml streptomycin; Invitrogen). Infection was performed by adding ϳ5.10 5 particles per slice. Slices were incubated overnight at 32°C in 5% CO 2 . During recordings, brain slices were perfused continuously at 2 ml/min with standard extracellular solution at 32°C. Slices were discarded after every agonist application.
Optical recordings on brain slices. Images were obtained with an Olympus (Tokyo, Japan) BX50WI upright microscope with a 60ϫ 0.9 numerical aperture water-immersion objective and a Micromax digital camera (Roper Scientific, Trenton, NJ). Illumination was a 100 W halogen light; exposure times were 0.5-2 s. In these conditions, the absolute intensity of the fluorophore remained stable throughout the experiment. We observed no change in ratio values when changing the acquisition rate, another indication that bleaching was not an issue. Images were acquired and analyzed using IPLab software (Scanalytics, Rockville, MD) with custom scripts. For each pixel, the ratio was calculated as the emission at 535 nm divided by the emission at 480 nm (F535/F480). The pseudocolor images were calculated to simultaneously display the F535/F480 ratio information, coded in hue, and the preparation fluorescence (averaged F480 and F535) was represented by the intensity. The calibration square on the image indicates the intensity on the horizontal axis and the ratio on the vertical axis. Excitation and dichroic filters were D436/20 and 505dclp for CFP (FRET) and HQ500/20 and Q515lp for YFP. Signals were acquired by alternating the emission filters (480/40 and HQ535/30) or using an emission splitter (Optosplit II; Cairn Research, Faversham, UK). All filters are from Chroma Technology (Brattleboro, VT). For uncaging experiments, brain slices were loaded overnight with 500 M DMNB (4,5-dimethoxy-2-nitrobenzyl)-cAMP (Invitrogen) in the culture dish. Uncaging was performed with a 100 W Hg arc lamp with a 3-5 s exposure duration; the excitation filter and dichroic mirror were D365 and 380DCLP, respectively.
Patch-clamp recording. The patch pipette solution contained (in mM) 130 potassium methane sulfonate, 10 HEPES, 1 EGTA, 5 MgCl 2 , 0.1 CaCl 2 , 4 ATP-Na, and 5 creatine phosphate, pH 7.35, with a liquid junction potential of ϩ7 mV. R P -cAMPS (500 M; Biolog, Bremen, Germany) was added to this solution when indicated. Pipettes had a resistance of 2-3 M⍀. Voltage-clamp recordings were obtained using an Axopatch 200B (Molecular Devices, Union City, CA) and Axograph software (Molecular Devices). I sAHP was activated by a train of 20 -40 steps of 3 ms duration at a frequency of 80 Hz from a holding potential of Ϫ60 to ϩ20 mV.
Drug application. For all experiments performed on intralaminar thalamic neurons, drugs in standard extracellular solution were applied focally onto the field using a glass pipette (80 -120 m tip diameter) placed 400 m away and 200 m above the brain slice. A quartz capillary was used to deliver to the tip of the pipette a constant flow of the solution containing the agonist. In the control condition, the pipette is under continuous depression, preventing any leakage of the agonist. The agonist is ejected when this depression is suppressed, by closing an electrovalve. Time 0 is the electronic signal triggering the closure of this valve. The agonist could thus be applied rapidly to the neurons in fresh standard extracellular solution saturated with 5%CO 2 /95%O 2 . This system was tested by applying 10 mM tetraethylammonium (TEA) or 10 M kainate: the 90% rise time was nonsignificantly different for both substances (9.2 Ϯ 1 s, n ϭ 4, and 6.0 Ϯ 1.2 s, n ϭ 5, respectively) and consistent with the free diffusion of small molecules in a brain slice (Nicholson, 2005) . Drugs were from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
Differences were reported when p Ͻ 0.05 using the t test. Statistics given in the text are mean Ϯ SEM unless stated otherwise.
Results

PKA responses in the somatosensory cortex
Fifteen hours after Sindbis virus infection, AKAR2 was present throughout the cytosol of cells (Fig. 1 A) . NeuN (neuron-specific nuclear protein) immunolabeling showed that 93% of the AKAR2-expressing cells in our preparations were neurons (data not shown). We recorded cells in layer V displaying the typical pyramidal morphology. We first verified that AKAR2 was able to report the activation of PKA in somatosensory cortical brain slices after a direct stimulation of adenylyl cyclases. Forskolin (13 M) produced a strong increase in the F535/480 emission ratio across the entire field ( Fig. 1 A) , consistent with a FRET increase. The addition of the phosphodiesterase inhibitor isobutylmethyl-xanthine (IBMX; 200 M) at the plateau of the forskolin response produced no additional increase (n ϭ 7, three slices; data not shown). 1,9-Dideoxyforskolin (13 M), a forskolin analog that does not activate adenylyl cyclases, produced no ratio change (n ϭ 15 from two brain slices; data not shown).
The ratio returned to baseline values after washout of forskolin and decreased from the end of forskolin application to 10% of the response in 48 Ϯ 8 min (mean Ϯ SD; n ϭ 16 cells from five slices) (Fig. 1 A) . We tested whether this recovery depended on dephosphorylation of AKAR2 by endogenous phosphatases. Bath application of 50 M cantharidin and 5 M cyclosporin A (inhibitors of phosphatases 2A and 2B, respectively) produced a linear increase in the baseline ratio ( Fig. 1 B) , indicating that at rest, AKAR2 is in equilibrium between phosphorylation and dephosphorylation. After forskolin washout, no recovery was ob-tained (n ϭ 21, four slices). This indicates that the ratio recovery observed in Figure  1 A indeed resulted from dephosphorylation of the probe by PP2A and/or PP2B.
Because PKA exerts powerful effects on transcription factors, we monitored ratio changes specifically in the nucleus by targeting the probe to the nuclear compartment using a nuclear localization signal (NLS) (Zhang et al., 2005) . With this probe, no fluorescence was present outside the nucleus. Forskolin increased the AKAR2-NLS ratio (Fig. 1C) (n ϭ 12, four slices), with an apparently slower onset than with AKAR2 (see Nucleus). The ratio returned to baseline with a 100% to 10% of 80 Ϯ 10 min (mean Ϯ SD; n ϭ 11 cells from three slices) (Fig. 1C) . The baseline ratio of AKAR2-NLS was smaller than with AKAR2 ( Fig. 1 A, C) , an effect probably related to the different molecular environment in the nucleus.
The control probe called AKAR2mut was constructed by replacing threonine 391 with an alanine residue in the consensus phosphorylation site of AKAR2. Neurons expressing AKAR2mut displayed no change in emission intensities in response to forskolin (Fig. 1 D) (n ϭ 29, six slices), confirming that the ratio change is indeed dependent on the phosphorylation of the probe. The small cell-to-cell variations in baseline ratios observed with the mutant probe are not indicative of PKA activity, and all further quantification will be performed on ratio variations measured as R/R0. Similar responses to forskolin were obtained in other brain regions such as the striatum, the ventrobasal thalamus, and the reticular thalamic nucleus (data not shown), indicating that our method is applicable to various other brain regions.
Dynamics of PKA responses at the membrane in intralaminar thalamic neurons
We then wanted to monitor PKA activation at the membrane compartment where it modulates various membrane channels. One such PKA target is the sAHP, a potassium current involved in the repolarization after a spike train and which is suppressed after PKA activation. Neurons in intralaminar thalamic nuclei have a large PKA-sensitive sAHP that is suppressed after activation of the Gs-coupled 5-HT 7 receptor (Goaillard and Vincent, 2002) . In this preparation, we studied the coupling efficiency of the 5-HT 7 receptor with the target potassium current and compared it with the effect of direct stimulation of adenylyl cyclases. The 5-HT 7 receptors were activated by 5-carboxamidotryptamine (5-CT) at a 100 nM concentration, and the adenylyl cyclase was activated by forskolin at a 13 M concentration. On neurons expressing AKAR2, both drugs decreased I sAHP by 83 Ϯ 5% (n ϭ 7) (Fig. 2 A, D) and 78 Ϯ 4% (n ϭ 9) (Fig. 2 B, D) respectively, values not statistically different and similar to previously published experiments (Goaillard and Vincent, 2002) .
The effect of 5-CT developed very rapidly, and the reduction in I sAHP amplitude was complete within 1 min. However, the sAHP protocol could not be recorded with Ͻ20 s intervals, and to increase the temporal resolution, we monitored the potassium current underlying the sAHP, which is partially active at resting potential. This tonic outward potassium current is also strongly sensitive to PKA (Lancaster and Batchelor, 2000; Goaillard and Vincent, 2002; Lancaster et al., 2006) and suppressed in parallel with I sAHP in response to either 5-CT or forskolin (Fig. 2 A, B , bottom traces). The tonic current recorded from neurons that did not express AKAR2 was thus used to report the kinetics of PKA activation at the membrane after fast focal application of 5-CT or forskolin. Only superficial neurons in the brain slice were recorded to minimize the diffusion time of the agonist through the tissue. The average current response (Fig. 2C) had a 90% rise time of 32 s for 5-CT (n ϭ 6) and 135 s for forskolin (n ϭ 8). This time course was slower than the current responses to TEA or kainate applied by the same device (Fig. 2C) , which had 90% rise times of Ͻ10 s (see Materials and Methods) (Fig. 2C) . Because 5-CT was applied at 100 nM, well above the maximally active concentration (Goaillard and Vincent, 2002) , the 5-HT 7 receptors are probably activated earlier than the 10 s delay needed for reaching 90% of the final agonist concentration. Because forskolin may have nonspecific blocker effects on potassium channels, 1,9-dideoxyforskolin (13 M) was tested as a control and produced no effect on neither the holding current nor the I sAHP (n ϭ 4).
Cytosol
AKAR2 was then used to monitor PKA activation in the cytosol of intralaminar thalamic neurons. 5-CT and forskolin both increased the AKAR2 ratio (Fig. 3 A, B) , but the responses to 5-CT were of significantly smaller amplitude than to forskolin (5.4 Ϯ 0.9% ratio change, n ϭ 30, eight slices, vs 13.1 Ϯ 0.7%, n ϭ 27, eight slices) (Fig. 3D) . Activation of 5-HT 7 membrane receptors thus led to a partial effect in the cytosol, whereas it was maximal on target membrane currents. AKAR2 ratio responses were much slower than membrane current responses because the 90% rise time was 152 s for 5-CT and 373 s for forskolin (Fig. 3C) . We controlled that 5-CT and forskolin had no effect on the ratio in intralaminar thalamic brain slices expressing AKAR2mut (n ϭ 21, three slices), showing that the ratio change obtained with AKAR2 depended on the phosphorylation of the threonine residue in the probe.
These kinetics were measured on neurons that were left intact in the brain slice, except for three forskolin experiments in which one neuron was simultaneously recorded in whole-cell configuration (Fig. 3B) . The neurons recorded in whole-cell configuration exhibited the expected suppression in I sAHP (Fig. 3B, inset) , and the time course of their AKAR2 response was similar to that obtained from neighboring intact neurons (Fig. 3B) .
The implication of PKA in the AKAR2 response to 5-CT was tested by recording six intralaminar thalamic neurons in wholecell configuration with an intracellular solution containing 500 M R P -cAMPS, a cAMP analog that specifically blocks PKA. No ratio response to 100 nM 5-CT was detected in this condition.
We also verified that AKAR2 could report rapid PKA signals. The ratio response during whole-cell dialysis with 50 M 8-BrcAMP increased exponentially with a time constant of 15 s (n ϭ 4) (Fig. 3C) , consistent with the diffusion of a small molecule from the patch pipette into the cytosol (Marty and Neher, 1995) . Uniform and rapid release of caged cAMP by UV light triggered a yet faster ratio increase with negligible delay or rising phase (n ϭ 3) (Fig. 3C) , showing that indeed the speed of AKAR2 phosphorylation by PKA is not the limiting factor in our kinetics measurements.
Nucleus
We then used AKAR2-NLS to measure PKA activation in the nucleus (Fig. 4 A, B) . As in the cytosol, the PKA signal was significantly smaller in response to 5-CT than to forskolin (Fig. 4 D) (3.4 Ϯ 0.3% ratio change, n ϭ 93, seven slices vs 9.5 Ϯ 0.6%, n ϭ 42, three slices), showing that the relative amplitude of the PKA signal is transferred from the cytosol into the nucleus. The PKA signals appeared much slower in the nucleus than in the cytosol: the 90% rise time measured on the averaged traces was 13 min for 5-CT and 17 min for forskolin. The nucleus thus receives a PKA signal that has been temporally filtered on a time scale of tens of minutes, which is consistent with passive diffusion of the catalytic subunit of PKA into the nucleus.
The relative amplitude and time course for the three cellular compartments are overlaid for comparison in Figure 5A . 
Discussion
The subcellular organization of proteins involved in signal integration has been emphasized in a number of biochemical and functional studies, but little is known about these phenomenon when stimulating endogenous receptors in the context of a morphologically intact neuron. Our study focused on the coupling efficiency and kinetics of a PKA-mediated response at the membrane, in the cytosol, and in the nucleus. We observed that the coupling between the 5-HT 7 receptor and the target channels is fast and efficient, whereas phosphorylation in the cytosol was slower and less efficient. The nucleus follows the cytosolic response on an even slower time scale.
AKAR2 in brain slices
To preserve the spatial organization of the signaling systems in the neurons, all of our experiments were performed on brain slice preparations. Among the various probes available for the cAMP/PKA cascade, AKAR2 is particularly suitable for physiological studies because it reports the phosphorylation level of soluble PKA substrates in the cell. In pyramidal cortical neurons, forskolin strongly increased the emission ratio, whereas the control inactive probe showed no change. Inhibition of most phosphodiesterases with IBMX did not potentiate the forskolin response, showing that stimulation by forskolin is sufficient to obtain maximal AKAR2 response. The ratio returned to baseline after forskolin was removed, and this recovery was prevented by phosphatase 2A and 2B inhibitors, showing that these phosphatases dephosphorylate AKAR2. Phosphorylated and nonphosphorylated forms of AKAR2 are thus in an equilibrium, and the ratio indicates the relative activity of PKA versus phosphatases. The ratio recovery took ϳ10 times longer than the 6 min onset in the cytosol, indicating that when monitoring the forskolin response with AKAR2, PKA is much more efficient than phosphatases. In a first approximation, the effect of phosphatases on the onset of the PKA response in the cytosol can therefore be neglected. Photorelease of caged cAMP produced a ratio increase within a few seconds, showing that the phosphorylation reaction is not a limiting factor in our recordings.
The expression of AKAR2 may theoretically affect PKA responses by adding an additional load of PKA substrate. However, the I sAHP amplitude reduction described for intralaminar thalamic neurons was also measured in neurons expressing Fig. 3B) , showing that PKA retained its ability to phosphorylate target proteins. This probe is thus a good indicator for monitoring PKA activation and steady-state equilibrium between phosphorylation and dephosphorylation in the physiological context of living neurons.
AKAR2 (
Amplitude
Our results show that the coupling efficiency of PKA to its targets stongly differs between the membrane and the cytosol. At the membrane, pharmacological stimulation of adenylyl cyclase by forskolin or activation through serotonergic G-protein-coupled receptors both suppress I sAHP , indicating a full effect of PKA on the channels. In contrast, in the cytosol, the PKA response to serotonergic stimulation is only about half of that obtained after direct pharmacological stimulation of adenylyl cyclase (Fig. 5A) . Thus, the neuromodulatory stimulus that produces a maximal effect on membrane channels may only be able to trigger a partial response in the cytosol, showing that membrane and cytosol integrate differently the same extracellular signal (Fig. 5B) . The nucleus responds as the cytosol in a graded way, indicating that the effect of PKA on gene expression will also be gradual, as has been reported in NIH3T3 or PC12 cells (Hagiwara et al., 1993) .
Several hypotheses may explain the highly efficient coupling between adenylyl cyclases and the sAHP potassium channel. In neurons, a high surface/volume ratio in the dendrites may help keep the cyclases and potassium channels in close proximity while containing cAMP and free catalytic PKA subunit in a small volume. In addition, at the molecular level, protein-protein interactions may form highly organized "signaling microdomains" (Wong and Scott, 2004) , maintaining a pool of activatable PKA in close vicinity to the target channels. Desensitization of the 5-HT 7 receptor is one hypothesis that can explain the progressive reduction in cAMP synthesis compared with the nondesensitizing production triggered by forskolin.
Time course
Ninety percent of the 5-HT 7 effect on the tonic potassium current was obtained within half a minute. This value is comparable with PKA effects observed in non-neuronal cells on endogenous channels (Goaillard et al., 2001; Cesetti et al., 2003) , cyclic-nucleotide-gated channels (Rich et al., 2001) , or membranetargeted cAMP-sensitive fluorescent probes (DiPilato et al., 2004; Saucerman et al., 2006) . Three seconds are required for the signal transduction from the activation of the receptor to the beginning of an effect on membrane channels in the ␤-adrenergic response in cardiocytes (Frace et al., 1993) , and the phosphorylation of the target potassium channel by PKA takes 5 s, as shown by flash photolysis of caged cAMP in hippocampal neurons (Lancaster et al., 2006) . This leaves ϳ20 s for cAMP accumulation and PKA activation at the membrane.
The kinetics of the PKA signal in response to 5-CT were five times slower in the cytosol than at the membrane (Fig.  5A ). This is comparable with results obtained in adult frog cardiocytes (Goaillard et al., 2001 ) and somewhat slower than in neonatal rat cardiocytes (Saucerman et al., 2006) . A slow propagation of the PKA signal has also been reported in invertebrate neurons: real-time monitoring of PKA dissociation after cAMP binding has shown that the signal is initiated in the dendrites and propagates toward the cell body on the time scale of minutes (Bacskai et al., 1993; Hempel et al., 1996) . A recent report using both a cAMP sensor and AKAR2.2 in retinal ganglion cells describes cAMP events with faster onset time course of 15-20 s (Dunn et al., 2006) . These events may be faster because they result from a global calcium signal that simultaneously activates calciumsensitive adenylyl cyclases throughout the cell, a situation intrinsically different from signals triggered by Gs-coupled membrane receptors.
Several parameters are likely to determine the relatively slow kinetics of the PKA signal in the cytosol. cAMP diffusion from the membrane toward the cytosol can be one factor, but studies in frog olfactory cilia (Chen et al., 1999) , cultured hippocampal neurons (Nikolaev et al., 2004) , and cardiocytes (Saucerman et al., 2006) have shown a diffusion speed of tens of micrometers per second, which cannot account for the kinetic differences observed between the membrane compartment and the cytosol. Endogenous buffers may also contribute to slowing down the propagation of the signal, as suggested by modeling studies (Rich and Karpen, 2002; Saucerman et al., 2006) . PKA activation can also determine the kinetics, and it has been shown that PKA dissociates slowly at nanomolar cAMP concentration (Rich and Karpen, 2002; Nikolaev et al., 2004) . One hypothesis is that the cAMP concentration inside the cytosol actually remains very low after the activation of the adenylyl cyclases located at the membrane. Phosphodiesterases probably play a role in maintaining this low cAMP concentration in neurons because IBMX, a nonspecific blocker of phosphodiesterases, produces a strong AKAR2 ratio increase even in the absence of any agonist (our unpublished data). Phosphodiesterases have also been shown to play a major role in the confinement of the cAMP response in various other cell types (Jurevicius and Fischmeister, 1996; Rich et al., 2001; Rochais et al., 2004; Barnes et al., 2005) . Furthermore, if cAMP concentration never reaches a concentration sufficient to activate PKA in the cytosol, the signal may be broadcasted by protein diffusion: either the free catalytic subunit of PKA diffuses from the membrane to the cytosol or AKAR2 diffuses from the cytosol to the cAMP signaling domains. After the cytosol, the PKA signal propagates toward the nucleus on an even slower time course (Fig. 5A) , reaching a maximum only after 17 min. This value is consistent with what has already been observed on cultured cell lines (Zhang et al., 2001; DiPilato et al., 2004) , and this time course is determined by the translocation of the catalytic subunits of PKA (Hagiwara et al., 1993; Harootunian et al., 1993) . The nuclear envelope thus behaves as a passive integrator of the cytosolic signal, "low-pass filtering" the cytosolic events without affecting their relative amplitude (Fig. 5B) .
Our results suggest that the physiological effects of a neuromodulator will depend on the temporal profile of its release. Phasic release would affect membrane excitability within a range of tens of seconds in an all-or-none manner, whereas continuous release of a neuromodulator during tonic firing of neuromodulatory inputs would trigger graded signals in the cytosol, leading to the phosphorylation of intracellular proteins on a slower time scale. The coincidence of this PKA signal with other cellular events or the metabolic history of the cell may contribute to the fine tuning of the resulting PKA signal in the cytosol and in the nucleus, thus controlling the final physiological output.
